Introduction
============

Gastric cancer (GC) is one of the leading causes of cancer-related deaths worldwide and is among the top three most commonly diagnosed invasive cancers in the People's Republic of China.[@b1-ijn-13-5347] In 2015, the incidence of GC in the People's Republic of China was \~679.1 per 100,000,[@b1-ijn-13-5347] considering that the People's Republic of China has a large population size and the burden of the disease is significant. Moreover, most GC cases are diagnosed at an advanced stage, as patients tend to be asymptomatic in the early stage. Chemotherapy remains the mainstay for the treatment of GC; however, based on the therapeutic data, it has been failing to meet clinical expectations.

Traditional chemotherapy drugs are not tumor specific and trend to spread evenly through the whole body,[@b2-ijn-13-5347],[@b3-ijn-13-5347] resulting in mild-to-severe side effects. Paclitaxel (PTX), a commonly used antineoplastic agent, has been proven effective against various solid tumor types[@b4-ijn-13-5347],[@b5-ijn-13-5347] and now is one of the first-line drugs for GC. However, the poor aqueous solubility of PTX (\~0.3 μg/mL) is one of its major drawbacks; moreover, polyoxyethylated castor oil, the currently used formulation vehicle for the commercially available injectable form of PTX (Taxol^®^), has been reported to contribute to the risk of infection and hypersensitivity reactions.[@b6-ijn-13-5347] An actively tumor-targeting, biocompatible, biodegradable delivery system for PTX would be a promising step toward improving the efficiency of chemotherapy.

Reduction in toxic side effects and improvement in tumor-targeting and killing properties of anticancer drugs are important challenges that must be addressed. To overcome these obstacles, various drug delivery systems have been designed, including different kinds of nanoparticles and biomimetic systems.[@b7-ijn-13-5347]--[@b11-ijn-13-5347] With the development of nanotechnology, cell membrane-coated nanosystems, which are simple and effective biomimetics, have elicited considerable interest. Erythrocyte membranes have several unique advantages that make them suitable for use as drug carriers 1) red blood cells (RBCs) are abundant, contain no organelles, form double-concave cells in the circulation, can be easily isolated from the body, and provides a sufficient source of membrane; 2) RBCs can stably circulate in the bloodstream for \~4 months, previous studies have shown that RBC membrane (RBCm)-coated delivery vehicles also have long blood circulation time compared with noncoated vehicle controls,[@b9-ijn-13-5347],[@b12-ijn-13-5347] and the coated RBCm is biologically nontoxic and degradable; and 3) erythrocyte membranes provide inherent membrane surface molecules,[@b12-ijn-13-5347]--[@b15-ijn-13-5347] which endow nanoparticles with the ability to escape from the immune system,[@b15-ijn-13-5347]--[@b17-ijn-13-5347] different from surface modifications with polymers, such as commonly used poly(ethylene glycol) (PEG), which may lead to a certain degree of immune response and accelerate blood clearance.[@b18-ijn-13-5347]--[@b21-ijn-13-5347]

There is emerging demand for RBC-mimicking and RBCm-based drug delivery systems that are capable of multitasking applications, including active targeting, immunomodulation, and signal stimulation, especially for cancer treatment where there is a need to improve treatment efficiency and minimize off-target side effets.[@b22-ijn-13-5347]--[@b24-ijn-13-5347] However, RBC-mimicking and RBCm-based drug delivery systems do not necessarily naturally exhibit all these functions and RBC-mimicking systems also have a limited ability to target solid tumors.[@b25-ijn-13-5347],[@b26-ijn-13-5347] To improve the active targeting ability of these nanosystems, several nongenetic engineering techniques to modify membranes of live cells have been developed.[@b27-ijn-13-5347] These include the lipid insertion method reported by Fang et al.[@b28-ijn-13-5347] This method relies on physical attachment vis insertion of the lipid portions of biomolecules into the lipid bilayers of membranes; it is convenient and simple and does not require exposure of the biomembranes to chemical reactions, which helps to retain the natural membrane proteins and the integrity of the cell membranes.

Here, we report a novel tumor-targeting delivery system for PTX. This nanosystem uses RBCm-derived microvesicles as carriers for PTX, with anti-EGFR-iRGD, a recombinant protein that was designed and manufactured by our team,[@b29-ijn-13-5347],[@b30-ijn-13-5347] as a tumor-targeting molecule. The manufacturing procedure for this nanosystem is illustrated in [Figure 1](#f1-ijn-13-5347){ref-type="fig"}. In the present study, the delivery system was tested for its tumor-targeting ability, its tumor-suppressive function, and its biocompatibility in vitro and in vivo.

Materials and methods
=====================

Materials
---------

1,2-Distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[maleimide(polyethylene glycol)-3400\] (DSPE-PEG-MAL) was purchased from Nanocs Inc. (New York, NY, USA). PTX was obtained Jiangsu Heng Rui Medicine Co., Ltd. (Nanjing, the People's Republic of China). Near-infrared lipophilic carbocyanine dye 1,1′-dioctadecyltetramethyl indotricar-bocyanine iodide (DiR), 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO), and DAPI staining solution were purchased from Beyotime Institute of Biotechnology (Shanghai, the People's Republic of China). Anti-6× His tag antibody (Dylight^®^ 650) (1:1,000) was obtained from Abcam Inc. (Shanghai, the People's Republic of China). Cell culture media Roswell Park Memorial Institute 1640 medium 1640 were purchased from Wisent Inc. (Nanjing, the People's Republic of China), and fetal bovine serum (FBS) was obtained from (Gibco, Carlsbad, CA, USA). The water used in this study was obtained from a Milli-Q Water Purification System (Merck Millipore, Billerica, MA, USA). All other reagents used were of analytical grade.

Cells
-----

MKN45 cell line was obtained from Chinese Academy of Sciences Cells Bank (Shanghai, the People's Republic of China). The cells were grown in RPMI 1640 supplemented with 10% FBS at 37°C and 5% CO~2~ in a humidified incubator.

Animals
-------

Male BALB/c nude mice weighing 18--20 g (5--6 weeks old) were supplied by the Department of Experimental Animals, Yangzhou University (Yangzhou, People's Republic of China). The temperature and relative humidity were maintained at 25°C and 45%--55%, respectively. All care and handling of the animals were performed in accordance with the guidelines approved by the Animal Care Committee at Nanjing Drum Tower Hospital (Nanjing, the People's Republic of China), and all the animal experiments conducted in this study were approved by the Animal Care Committee at Nanjing Drum Tower Hospital.

Synthesis of anti-EGFR-iRGD and DSPE-PEG-anti-EGFR-iRGD
-------------------------------------------------------

Recombinant protein anti-EGFR-iRGD was prepared as previously reported.[@b29-ijn-13-5347],[@b30-ijn-13-5347] The anti-EGFR-iRGD was then used to prepare DSPE-PEG-anti-EGFR-iRGD, using a method previously reported.[@b28-ijn-13-5347],[@b31-ijn-13-5347] In brief, DSPE-PEG-MAL was mixed with anti-EGFR-iRGD at a 1:1 molar ratio (anti-EGFR-iRGD:DSPE-PEG-MAL =1:1) in Hepes (pH=6.5). The reaction mixture was gently stirred at room temperature for 24 h, after which the resulting reaction mixture was placed in a dialysis bag (molecular weight cutoff=7,000 Da) and dialyzed in PBS for 48 h to remove small molecules. The final solution in the dialysis bag was lyophilized and stored at −20°C until used.

Decoration of RBCs with DSPE-PEG-anti-EGFR-iRGD
-----------------------------------------------

RBCs were extracted from fresh peripheral blood by centrifuging at 800×*g* for 5 min at 4°C and washed three times in cold saline (0.9% normal saline \[NS\]). After each centrifugation step, the supernatant was discarded. The washed RBCs were resuspended in 0.9% NS and then incubated with DSPE-PEG-anti-EGFR-iRGD at 37°C for 30 min to form anti-EGFR-iRGD-inserted RBCs, following the methodology reported by Shi et al.[@b32-ijn-13-5347] The inserted RBCs were then washed three times with PBS before further use.

Preparation of PTX-loaded RBCm nanosystem
-----------------------------------------

The RBCm-derived vesicles were prepared as described in a recent report.[@b17-ijn-13-5347] Briefly, the washed RBCs were lysed in 0.25× NS and the ghosts were separated by collecting the pink pellet after centrifuging at 11,000 rpm for 10 min at 4°C. The RBC ghosts were subsequently extruded sequentially through 400 and 200 nm polycarbonate porous membranes using an Avanti Mini Extruder, yielding ghosts with the hydrodynamic diameter of \~200 nm. The mixture of fresh RBCm-derived vesicles and PTX was then extruded through 200 nm pores for at least 13 times, so that the mechanical force of the extruding process facilitated the encapsulation of PTX into the RBCm vesicles (RBCm-PTX). For the preparation of anti-EGFR-iRGD-RBCm-PTX (abbreviated to PRP), anti-EGFR-iRGD-inserted RBCs were used.

Characterization of PTX-loaded RBCm nanosystem
----------------------------------------------

The particle sizes of PRP and RBCm-PTX were measured by dynamic light scattering (DLS; Malvern Zetasizer Nano ZS; Malvern Instruments, Malvern, UK) at 25°C. To examine the long-term stability of the resulting nanosystem, they were suspended in 1× PBS for 2 weeks and their size and polydispersity index (PDI) were monitored by DLS.

The shape and surface morphology of RBCm-PTX and PRP were observed by transmission electron microscope (TEM). Uranyl acetate (1%, w/v) was used to stain the membrane structure of the nanosystem. The color of the stained region appears as gray/white on the TEM images, as uranyl acetate is a negative staining reagent.

The drug loading efficiency was determined by high-performance liquid chromatography (HPLC), as previously described.[@b33-ijn-13-5347],[@b34-ijn-13-5347] PTX was quantified by ultraviolet detection at 227 nm. The HPLC apparatus was calibrated using standard solutions of PTX dissolved in acetonitrile, 0.5--25 μg/mL, with a correlation coefficient of *R*^2^=0.99. The mobile phase (1.0 mL/min) consisted of acetonitrile and water (70:30, v/v). PTX was also dissolved in acetonitrile. The encapsulation efficiency was expressed as the percentage of PTX in the nanosystem relative to the initial amount of PTX used in their preparation.

To determine the in vitro release profile of PTX, several aliquots (1 mL each) of the nanosystem suspension were diluted to 5 mL with PBS (pH=7.4), placed in sterile 50 mL Eppendorf tubes, incubated at 37°C, and shaken horizontally at 160 strokes per minute. At predetermined time intervals, three sample tubes were withdrawn; the nanoparticles were separated by ultracentrifugation and then washed and prepared for the HPLC detection of PTX using the same procedure as described earlier.

Experimental values were the average of at least three different formulations.

Fluorescent colocation
----------------------

DiO prestained PRP was used in this part. MNK45 cells (3×10^5^ cells/well) were incubated in six-well plates (Corning Inc., Corning, NY, USA) containing culture medium at 37°C for 24 h. Then, cell culture media containing anti-EGFR-iRGD (labeled by Rhdamine B) decorated RBCm-PTX (RBCm labeled by DiO) (final anti-EGFR-iRGD concentration 150 ng/mL) were added to each well, followed by incubation for another 4 h at 37°C. After the medium was removed, the cells were washed with cold PBS, fixed with 4% paraformaldehyde in PBS, and then processed with DAPI stain for 10 min. The cells were imaged using a fluorescence microscope.

In vitro cytotoxicity assay
---------------------------

MKN-45 cells were seeded (8×10^3^ cells/well) in a 96-well plate (Corning Inc.) and incubated overnight. Free PTX, RBCm-PTX, PRP, and anti-EGFR-iRGD coadministration with RBCm-PTX were added to the cultures, respectively. After incubation for 24 h, MTT solution was added and the cells were further incubated for 4 h. Blank RBCm-derived vesicles were also analyzed for in vitro cytotoxicity. The absorbance at 490 nm was measured using a BioTek ELx800 plate reader (BioTek Instruments, Inc., Winooski, VT, USA). The relative cell viabilities were then normalized to those of the control, which was set as 100%.

In vivo biodistribution imaging (near-infrared)
-----------------------------------------------

A 0.1 mL suspension of MKN45 cells (1×10^6^) was administrated via subcutaneous injection into the right armpits of male BALB/c nude mice to prepare the MKN45 tumor-bearing nude mouse model. Once the tumor masses in the xenografts reached 300 mm^3^, 200 μL of physiological saline, DiR-prestained RBCm-PTX, PRP, or anti-EGFR-iRGD coadministrated with DiR-prestained RBCm-PTX was intravenously (IV) administrated via the tail vein of the tumor-bearing nude mice at a dose of 10 mg/kg of PTX.

At predetermined time points, mice were anesthetized by isoflurane (1.5%) and scanned using a Maestro™ Automated In Vivo Imaging System (Cambridge Research & Instrumentation Inc., Woburn, MA, USA). The observation times were 2, 24, and 48 h after administration. For each near-infrared spectroscopy image, a corresponding X-ray image was taken to identify the anatomical location of the tumor.

In vivo antitumor activity and safety study
-------------------------------------------

A tumor-bearing BALB/c nude mice model was prepared as before. When the tumor volume reached \~100--200 mm^3^, the tumor-bearing mice were randomly assigned to five groups (each group contained at least five animals). These included a control group receiving IV injection physiological saline and four experimental groups receiving PTX, RBCm-PTX, PRP, and coadministered anti-EGFR-iRGD and RBCm-PTX, respectively. All experimental groups received PTX 10 mg/kg, twice a week, for 2 weeks. Throughout the study, mice were weighed and tumors were measured with a caliper every 3 days. Tumor volumes were calculated using the following formula: *V*=length (mm)×width^2^ (mm^2^)×0.5. Mice were sacrificed at the end of the experiment. Both tumor tissues and main organs (heart, liver, spleen, lung, and kidney) were dissected for histological observation. The tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at a thickness of 5 μm, stained with H&E and then examined under optical microscopy.

Statistical analysis
--------------------

All data were shown as the mean±SD. The SPSS 21.0 software was used for statistical analysis, and *t*-test and one-way analysis of variance were used for comparisons. *P*\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Decoration of RBCs with anti-EGFR-iRGD
--------------------------------------

First, we decorated RBCs in vitro using anti-EGFR-iRGD. To simplify the preparation process, we used the protocol described by Shi et al.[@b32-ijn-13-5347] Anti-EGFR-iRGD was coupled with DSPE-PEG-MAL via Michael addition. The successful synthesis of DSPE-PEG-anti-EGFR-iRGD was tested by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis, as shown in [Figure 2A](#f2-ijn-13-5347){ref-type="fig"}. As shown in [Figure 2A](#f2-ijn-13-5347){ref-type="fig"} (Line 4), protein markers, purified anti-EGFR-iRGD, the reaction product of the Michael addition, and DSPE-PEG-MAL were loaded in Lines 1--4, respectively. DSPE-PEG-MAL alone did not result in any band on the gel. Anti-EGFR-iRGD, which has a size of 18 kDa, showed a band corresponding to a molecular weight between 26 and 17 kDa ([Figure 2A](#f2-ijn-13-5347){ref-type="fig"}, Line 2). A successful conjugation of anti-EGFR-iRGD and DSPE-PEG-MAL was confirmed by the band observed above, the anti-EGFR-iRGD band ([Figure 2A](#f2-ijn-13-5347){ref-type="fig"}, Line 3), as DSPE-PEG-anti-EGFR-iRGD did not migrate as fast as the free anti-EGFR-iRGD molecules under electrophoresis condition. Bands corresponding to anti-EGFR-iRGD could be seen in both Lines 3 and 2, we speculated that some free anti-EGFR-iRGD remained in the product solution after the reaction of anti-EGFR-iRGD and DSPE-PEG-MAL, indicating that the reaction efficiency of anti-EGFR-iRGD and DSPE-PEG-MAL was not 100%.

The washed human RBCs were then incubated with DSPE-PEG-anti-EGFR-iRGD for 30 min at 37°C. The incorporation of anti-EGFR-iRGD molecules into RBCms was observed by flow cytometry, using the anti-6× His tag antibody. As an increasing amount of DSPE-PEG-anti-EGFR-iRGD was fed into the incubation system, the percentage of RBCs with a detectable Dylight^®^ 650 signal increased, as shown in [Figure 2B and C](#f2-ijn-13-5347){ref-type="fig"}. For 10^6^ RBCs, the proportion of positive RBCs reached a plateau when \>100 ng of DSPE-PEG-anti-EGFR-iRGD was added ([Figure 2B](#f2-ijn-13-5347){ref-type="fig"}). Nonlipid anti-EGFR-iRGD was also incubated with the same amount of RBCs to determine whether nonlipid anti-EGFR-iRGD could bind to suspended RBCs. As shown in [Figure 2D](#f2-ijn-13-5347){ref-type="fig"}, no significant binding of nonlipid anti-EGFR-iRGD to RBCs was observed. These results indicated that free anti-EGFR-iRGD could not bind to RBCs, whereas after reaction with DSPE-PEG-MAL, anti-EGFR-iRGD was successfully inserted into RBCs.

Preparation and characterization of PRP and RBCm-PTX
----------------------------------------------------

Once anti-EGFR-iRGD had been successfully inserted into RBCs, the decorated RBCs were subjected to obtain RBCm ghosts as previously reported.[@b17-ijn-13-5347] These RBCm ghosts were then used to fabricate RBCm-PTX and PRP using an Avanti Mini Extruder. The particle size of RBCm-PTX and PRP was measured by DLS. The average particle size of RBCm-PTX was 168.7±2.2 nm, with a PDI of 0.200±0.002. For PRP, the average particle size was \~171.7±4.7 nm, with a PDI of 0.214±0.005. The encapsulation efficiency and the drug-loading efficiency of PRP were 60.00% and 34.07%, respectively. TEM was used to observe the morphology of the nanosystem. [Figure 3A and B](#f3-ijn-13-5347){ref-type="fig"} shows the representative TEM images of RBCm-PTX and PRP, respectively. [Figure 3C](#f3-ijn-13-5347){ref-type="fig"} shows RBCm-PTX stained by uranyl acetate, the particle size observed was in good agreement with the DLS measurements. The gray/white region on the TEM image ([Figure 3C](#f3-ijn-13-5347){ref-type="fig"}) represents the RBCm, which was \~7--8 nm in thickness, consistent with a previous study.[@b12-ijn-13-5347]

To investigate the stability of the nanosystems, RBCm-PTX and PRP were suspended in PBS and then monitored by DLS for 2 weeks ([Figure 3D](#f3-ijn-13-5347){ref-type="fig"}). The particle size of RBCm-PTX increased from \~165 to 222 nm and that of PRP increased from \~164 to 270 nm, while the PDI remained relatively unchanged at 0.21. These results indicated that PRP and RBCm-PTX remained relatively stable in PBS for about 8 days and the particle size gradually increased. Moreover, the incorporation of anti-EGFR-iRGD into RBCm-PTX did not significantly affect the stability of RBCm-PTX.

The in vitro release behavior of PTX from RBCm-PTX and PRP is illustrated in [Figure 3E](#f3-ijn-13-5347){ref-type="fig"}. As can be observed, during the first 48 h, PTX release was rapid, witĥ30.12%±3.26% released from RBCm-PTX and 33.39%±1.76% from PRP. During the second 48 h and the subsequent 3 days, release of PTX continued at a slower rate and \~50.94%±3.00% from RBCm-PTX and 55.65%±2.64% from PRP were released. This indicated that the release behavior of PTX from these nanosystems followed a biphasic pattern.

To visualize the successful incorporation of DSPE-PEG-anti-EGFR-iRGD into RBCm-PTX, PRP was washed by PBS for three times to remove free anti-EGFR-iRGD and the washed PRP was added into culture system of MKN45 in a six-well plate. After 4 h incubation, cells were washed and observed under fluorescence microscopy. As shown in [Figure 4](#f4-ijn-13-5347){ref-type="fig"}, both RBCm (green) and anti-EGFR-iRGD (red) could be observed around the nucleus (DAPI) in the resulting images, indicating the colocation of RBCm and anti-EGFR-iRGD.

In vitro cytotoxicity assay
---------------------------

For the cytotoxicity assays, MKN45 cells were treated with different concentrations of PTX, RBCm-PTX, PRP, and anti-EGFR-iRGD coadministrated with RBCm-PTX for 24 h. Blank RBCm-derived vesicles were also tested for their cytotoxicity. Results showed that RBCm-derived vesicles had no significant effect on the cell vitality of MKN45 for any of the preset concentrations (data not shown). As shown in [Figure 5](#f5-ijn-13-5347){ref-type="fig"}, the IC50 of PTX was 5.1 ng/mL, with no significant difference in cell viability between groups at various drug concentrations. Based on these results, we can infer that PTX does not lose its cytotoxicity toward MKN45 cells as a result of being loaded into RBCm-derived vesicles.

In vivo tumor targeting and tissue distribution
-----------------------------------------------

The in vivo tumor accumulation and tissue distribution of these nanosystem were examined by a Maestro™ Automated In Vivo Imaging System, using fluorescein DiR. As shown in [Figure 6A](#f6-ijn-13-5347){ref-type="fig"}, PRP accumulated in the tumorous lesion within 2 h of administration. After this time, the PRP group showed markedly enhanced fluorescence at the tumor site, whereas the anti-EGFR-iRGD coadministrated with RBCm-PTX group and the RBCm-PTX group showed no obviously accumulated fluorescence, although the signal of anti-EGFR-iRGD coadministrated with RBCm-PTX group appeared to be slightly stronger than that of the RBCm-PTX group. At 48 h after drug injection, enhanced fluorescence could still be detected in the PRP group and the fluorescence signal of DiR in the tumor site was significantly stronger than that of the RBCm-PTX group, whereas the anti-EGFR-iRGD coadministrated with RBCm-PTX group showed no detectable enhancement of fluorescence at the tumor site.

To observe the fluorescence more clearly, the tumor-bearing animals were sacrificed 48 h postinjection and tumors and major organs were excised and collected. As shown in [Figure 6B and C](#f6-ijn-13-5347){ref-type="fig"}, the tumor of PRP group gave the strongest fluorescence signals among all three groups ([Figure 6B](#f6-ijn-13-5347){ref-type="fig"}), whereas the tumors of the other two groups had similar fluorescence intensity ([Figure 6C](#f6-ijn-13-5347){ref-type="fig"}). This indicates that PRP has enhanced tumor-targeting ability compared with RBCm-PTX and coad-ministration of anti-EGFR-iRGD and RBCm-PTX.

In vivo antitumor study
-----------------------

We next sought to determine whether anti-EGFR-iRGD decoration could improve the therapeutic efficiency of RBCm-PTX. A mouse model subcutaneously bearing MKN45 tumor was established. MKN45-bearing mice were treated with different formulations of PTX twice a week for 2 weeks, by caudal vein injection. Mice treated with PBS served as a control group. [Figure 7A](#f7-ijn-13-5347){ref-type="fig"} shows the growth curves of subcutaneous tumors. The MKN45 tumors in the control group grew rapidly, increasing about eightfold on average by day 15, while those treated with PTX and PTX-loaded RBCm vesicles showed reduced growth to various extents. At the end point, the tumor sizes (mm^3^, mean±SD, n=5) for each group were 1,006±145 for the control group, 793±73 for the PTX group, 673±52 for the RBCm-PTX group, 607±66 for the anti-EGFR-iRGD coadministrated with RBCm-PTX group, and 389±72 for the PRP group. In the PTX, RBCm-PTX, anti-EGFR-iRGD coadministrated with RBCm-PTX, and PRP groups, tumor volumes were reduced bŷ21, 33, 40, and 61%, respectively, relative to the control group. Tumors were weighted immediately after harvesting; the weights (g, mean ± SD, n=5) were 0.78±0.24 for the control group, 0.46±0.17 for the PTX group, 0.33±0.09 for the RBCm-PTX, 0.24±0.05 for the anti-EGFR-iRGD coadministrated with RBCm-PTX group, and 0.13±0.07 for the PRP group, as shown in [Figure 7B](#f7-ijn-13-5347){ref-type="fig"}. By contrast, the RBCm-PTX and anti-EGFR-iRGD coadministrated with RBCm-PTX group showed higher tumor inhibition rates than the PTX group. The PRP group showed enhanced therapeutic efficacy compared with the other groups. Combining these findings with the in vivo distribution results, we speculated that anti-EGFR-iRGD decoration could enhance tumor targeting and improve therapeutic efficiency of RBCm-PTX.

Furthermore, mice tolerated the treatment very well, with no change in motility or eating habits. As shown in [Figure 7C](#f7-ijn-13-5347){ref-type="fig"}, none of the mice treated with PRP showed obvious body weight loss during the treatment, in contrast to mice treated with combined anti-EGFR-iRGD and RBCm-PTX, RBCm-PTX, or PTX alone. The differences in body weight between the PRP group and other groups were significant (*P*\<0.05). As shown in [Figure 7D](#f7-ijn-13-5347){ref-type="fig"}, no abnormalities were observed in the H&E-stained sections of the main organs.

Discussion
==========

In this study, we designed and manufactured a drug delivery system, named PRP. In this system, PTX was loaded into erythrocyte membrane-derived microvesicles and a fusion protein (anti-EGFR-iRGD) was used to decorate erythrocyte membrane for tumor targeting. GC cell line, MKN45, which has been reported to express iRGD[@b35-ijn-13-5347] receptors and was confirmed to be EGFR positive in our laboratory, was chosen as a model tumor cell in vitro and in vivo. We investigated for the first time, the therapeutic efficacy of PRP in the GC cell line and in tumor-bearing mice. Both anti-EGFR-iRGD decorated and undecorated RBCm-PTX had uniformly spherical shape and size, a relatively narrow distribution, similar stability, and PTX release behavior in vitro. The targeting ability of the PRP in MKN45 cells, compared to anti-EGFR-iRGD coadministrated with RBCm-PTX, RBCm-PTX, and PTX, was enhanced both in vitro and in vivo, and PRP had improved therapeutic efficiency.

The results presented here indicate that PRP performed better than nonmodified RBCm-PTX or PTX alone. The procedure for constructing this tumor-targeting PTX delivery system is relatively straightforward and does not require organic solvents. We used an Avanti Mini Extruder to extrude the RBC ghosts, which gave the erythrocyte membrane-derived microvesicles their relatively uniform size and shape. In clinical settings, Abraxane^®^ is widely used to treat patients with advanced cancers; the production of Abraxane^®^ involves emulsification[@b36-ijn-13-5347] and high-pressure homogenous, both of which are more complicated than the methods we used in this research. Various strategies have previously been reported for fabricating PTX-loaded nanoparticles.[@b37-ijn-13-5347]--[@b43-ijn-13-5347] For instance, biodegradable polymeric nanoparticles such as poly(lactic-co-glycolic acid) (PLGA) are often used as vectors; however, organic solvent such as dichloromethane, acetone are needed for the preparation of the PLGA polymeric cores.[@b12-ijn-13-5347],[@b44-ijn-13-5347] Even small residual amounts of dichloromethane have been shown to be toxic to multiple vital organs, including the liver, kidney, lungs, and neural system.[@b45-ijn-13-5347] By contrast, our procedure is free of organic solvent and is relatively safe with respect to both manufacture and clinical use.

As well as the use of natural materials, our system required less artificial modification compared with others. RBCs are among the most commonly used and extensively studied natural carriers, with applications involving many different medicines and chemicals.[@b46-ijn-13-5347]--[@b48-ijn-13-5347] With the development of nanotechnology, biomembranes have also been comprehensively studied.[@b48-ijn-13-5347],[@b49-ijn-13-5347] RBCs are the most robust source for biomembranes, as they have a long duration of circulation in the blood, will not activate the immune system in vivo, and can be sustainably produced by and quantitatively isolated from the human body. Owing to these properties, they have attracted extensive interest from researchers to aiming to design RBC-mimicking and RBCs/RBCm-based drug delivery systems.[@b50-ijn-13-5347] In the present work, membranes were collected from RBCs by hypotonic treatment and washed with physiological saline. This processing method has been tested by many other researchers in the past.[@b12-ijn-13-5347],[@b13-ijn-13-5347],[@b15-ijn-13-5347]

In our previous work, we constructed and expressed a fusion protein consisting of an EGFR single-domain antibody and iRGD peptide, named anti-EGFR-iRGD. We showed that anti-EGFR-iRGD could improve the permeability and efficacy of anticancer drugs such as doxorubicin, bevacizumab, and nanoparticles in multicellular spheroids of GC[@b29-ijn-13-5347] and enhance drug permeability to both two-dimensional cells and three-dimensional multicellular spheroids. In order to improve the targeting and penetration ability of cell membrane-based nano-carriers, linker-based techniques were used to functionalize these nanocarriers with anti-EGFR-iRGD. In 2013 and 2014, a lipid insertion technique using DSPE-PEG-MAL was successively reported by two independent research groups as a robust and simple way to functionalize RBCms.[@b28-ijn-13-5347],[@b32-ijn-13-5347] This method was used in the present research, in which it was also proved to be effective. Later in 2016, Zhou et al[@b51-ijn-13-5347] reported using succinimidyl-(\[*N*-maleimidopropionamido\]-polyethylene glycol) ester (NHS-PEG-MAL), a bifunctional linker, to stably conjugate bioactive molecules such as proteins on biomembranes. After functionalization, both the desired functional molecules and the cell membrane maintained their original properties and may also have presented some improved features in the study sample.[@b51-ijn-13-5347] This facile approach makes it possible to expand the application of these platform strategies to the membrane of a variety of cells and the corresponding derivative-coating nanoparticles and/or vesicles. Potential cell types that could be used include leukocytes, thrombocytes, cancer cells, and stem cells; more biofunctional molecules could be designed in the future to guide or target therapies for dozens of diseases. We are now focusing on targeting biomembrane-derived nanoparticles for tumor immunotherapy.

Conclusion
==========

We designed and successfully prepared a novel nanosystem based on anti-EGFR-iRGD-decorated erythrocyte membrane for the targeted delivery of PTX to GC. This system named PRP, enabled enhanced accumulation of the drug in tumors, and improved tumor suppression in GC. The present simple strategy pioneers the idea of translating nanotechnology-modified traditional medicines from bench to bedside. Our team is currently carrying out related researches, including the development of targeted biomembrane-derived nanoparticles for tumor immunotherapy.
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![Schematic of the preparation process of PRP.\
**Notes:** The process can be divided into the following three main steps: construction of DSPE-PEG-anti-EGFR-iRGD, collection and insertion of RBCm, and extrusion of anti-EGFR-iRGD-decorated RBCm and PTX. PRP, PTX-loaded RBCm-derived microvesicles functionalized with anti-EGFR-iRGD; RBCm-PTX, PTX-loaded RBCm-derived microvesicles.\
**Abbreviations:** DSPE-PEG-MAL, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(maleimide\[polyethylene glycol\]-3400); PEG, poly(ethylene glycol); PTX, paclitaxel; RBC, red blood cell; RBCm, RBC membrane.](ijn-13-5347Fig1){#f1-ijn-13-5347}

![Decoration of RBCs with anti-EGFR-iRGD.\
**Notes:** (**A**) Yield of DSPE-PEG-anti-EGFR-iRGD: Line 1, prestained color protein marker; line 2, anti-EGFR-iRGD; line 3, reaction product of DSPE-PEG-MAL and anti-EGFR-iRGD after filtration using an ultrafiltration tube; line 4, DSPE-PEG-MAL. (**B**) Flow cytometry results of 10^6^ RBCs incubated with different amounts of DSPE-PEG-anti-EGFR-iRGD. (**C**) A total of 10^6^ RBCs incubated with different amounts of anti-EGFR-iRGD (Dylight^®^ 650, from left to right: 10, 60, and 100 ng). (**D**) Flow cytometry results of 10^6^ RBCs incubated with different amounts of anti-EGFR-iRGD (Dylight^®^ 650, from left to right: 10, 60, and 100 ng). DSPE-PEG-anti-EGFR-iRGD, reaction product of DSPE-PEG-MAL and anti-EGFR-iRGD.\
**Abbreviations:** DSPE-PEG-MAL, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(maleimide\[polyethylene glycol\]-3400); PEG, poly(ethylene glycol); PTX, paclitaxel; RBCs, red blood cells.](ijn-13-5347Fig2){#f2-ijn-13-5347}

![Characterization of PRP and RBCm-PTX.\
**Notes:** (**A**) Representative TEM images of RBCm-PTX, scale bars=50 nm. (**B**) Representative TEM image of PRP, scale bars=50 nm. (**C**) RBCm-PTX sample was negatively stained with uranyl acetate and subjected for TEM imaging, scale bars=50 nm. (**D**) Stability of PRP and RBCm-PTX in PBS. (**E**) In vitro release profile of PRP and RBCm-PTX in PBS. PRP, PTX loaded RBCm-derived microvesicles functionalized with anti-EGFR-iRGD.\
**Abbreviations:** PTX, paclitaxel; RBCs, red blood cells; RBCm, RBC membrane; TEM, transmission electron microscope.](ijn-13-5347Fig3){#f3-ijn-13-5347}

![Fluorescent colocation of PRP with MKN45 cells.\
**Notes:** Representative immunofluorescence images of MKN45 cells, which were stained with DAPI (blue). Anti-EGFR-iRGD was prestained with Rhodamine B (red), RBCm-PTX was prestained with DiO (green), scale bar=20 μm. PRP, PTX-loaded RBCm-derived microvesicles functionalized with anti-EGFR-iRGD.\
**Abbreviations:** DiO, 3,3′-dioctadecyloxacarbocyanine perchlorate; PTX, paclitaxel; RBC, red blood cell; RBCm, RBC membrane.](ijn-13-5347Fig4){#f4-ijn-13-5347}

![In vitro cytotoxicity assay.\
**Notes:** In vitro cytotoxicity of PTX, RBCm-PTX, PRP, and coadministration of anti-EGFR-iRGD and RBCm-PTX after incubation for 24 h. Error bars indicate SD (n=3). PRP, PTX-loaded RBCm-derived microvesicles functionalized with anti-EGFR-iRGD.\
**Abbreviations:** PTX, paclitaxel; RBC, red blood cell; RBCm, RBC membrane.](ijn-13-5347Fig5){#f5-ijn-13-5347}

![In vivo targeting ability of PRP.\
**Notes:** (**A**) In vivo fluorescence imaging of the MKN45 tumor-bearing nude mice at 2, 24, and 48 h after intravenous injection of RBCm-PTX (i), coadministration of anti-EGFR-iRGD and RBCm-PTX (ii) and PRP (iii), and all the erythrocyte membranes used here were labeled by DiR, at dose of 20 nmol/kg. The white colored dotted circles indicated the tumor sites. (**B**) Ex vivo fluorescence imaging of the excised tumors and major organs at 48 h postinjection of all three groups. (**C**) Ex vivo fluorescence imaging of the excised tumors and major organs at 48 h postinjection of RBCm-PTX-treated group (i) and RBCm-PTX coadministration with anti-EGFR-iRGD-treated group (ii). PRP, PTX-loaded RBCm-derived microvesicles functionalized with anti-EGFR-iRGD.\
**Abbreviations:** DiR, 1,1′-dioctadecyltetramethyl indotricarbocyanine iodide; H, heart; K, kidney; Lu, lung; Li, liver; PTX, paclitaxel; RBC, red blood cell; RBCm, RBC membrane; S, spleen; T, tumor.](ijn-13-5347Fig6){#f6-ijn-13-5347}

###### 

In vivo antitumor activity and safety study.

**Notes:** Mice-bearing MKN45 subcutaneously were used as an animal model. Mice were treated by tail vein injection of PBS, PTX alone, RBCm-PTX, coadministration of anti-EGFR-iRGD and RBCm-PTX, or PRP twice a week for 2 weeks. (**A**) The tumor growth curves, (**B**) the net weight of xenografts after harvesting, and (**C**) the body weight change of the tumor-bearing mice. Data are represented as mean±SEM (n=5). One-way analysis of variance was used for the analysis of tumor volume and body weight. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.001. (**D**) Main organs were dissected for H&E staining on the 15th day after treatment. Main organs, including heart, liver, spleen, lung, and kidney. Inflammatory cells' infiltration could be seen in some cases, while none significant abnormal damage was observed. Scale bar=100 μm. PRP, PTX-loaded RBCm-derived microvesicles functionalized with anti-EGFR-iRGD.

**Abbreviations:** PTX, paclitaxel; RBC, red blood cell; RBCm, RBC membrane; SEM, standard error of the mean.
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